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Introduction
Hydrogen is a clean energy carrier poised to provide civilizations with the needed alternatives to curb CO 2 emission. Water splitting by electrolyzers is a promising method to produce hydrogen in a large scale [1] [2] [3] [4] [5] [6] [7] . The efficiency and price-performance ratio of hydrogen evolution reaction (HER) at cathodes has considerably improved upon the use of non-expensive catalysts such as MoS x , FeP and CoP [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Hydrogen production with water splitting is therefore mainly limited by the kinetics of oxygen evolution reaction (OER) at the anodes [18, 19] . The best electrocatalysts for OER so far are the metal or oxide forms of Ir, Ru, and their alloys. However, their scarce nature and associated high-cost considerably limit large-scale implementation to industrial devices. Over the past few years, great efforts have been devoted to exploring cheap and efficient OER catalysts based on earth abundant elements, such as Co, Fe, Ni and Mn oxides/hydroxides [20] [21] [22] [23] [24] , phosphides [25] [26] [27] , dichalcogenides and some nonmetallic compounds [28] [29] [30] , as alternative OER catalysts in an alkaline solution. However, the development of alkaline water electrolysis is restricted by several issues including low current density and cross-diffusion of the produced gases [31] . By contrast, the proton exchange membrane (PEM) electrolysis in acids has shown critical advantages in current densities, voltage efficiency and purity of produced gases. Thereafter, several anode catalysts likely suitable in acids have been reported, such as RuO 2 , IrO 2 , and their ternary oxides [32] [33] [34] . To reduce the usage of Ru and Ir, several other metal elements including Sn, Sb, Nb, Pb, Ni, Cu, Ta, Zr and Mo, have been added to form alloys or core-shell structures [35] [36] [37] [38] [39] [40] .
The OER involves complex pathways of high activation energy and energetic intermediates.
Taking IrO 2 as one example, the adsorbed OH-group will be oxidized to several oxygenated species accompanied with the transformation of iridium cations to different oxidation states.
Corrosion on IrO 2 will take place in parallel with O 2 evolution (IrO 3 + H 2 O → IrO 4 2-+ 2H + ) [41] .
Similarly, RuO 2 also suffers from substantial corrosion during O 2 evolution in acid electrolytes at high current densities [42] . Recently, the spinel Co 3 O 4 has attracted attention for OER owing to its low cost, excellent catalytic properties, and high corrosion stability in alkaline solutions [43, 44] . However, the application of Co 3 O 4 for OER in acids is almost stagnant because the spinel Co 3 O 4 also suffers from anodic corrosion at potentials higher than 1.47 V (vs. RHE) [45] , in which the formed CoO 2 decomposes into soluble CoO with the simultaneous liberation of the O 2 [46] . In addition to dissolution mechanism, it is actually found that the failure of most OER electrodes originates from the degradation of the substrates as well as the poor adhesion between [47, 48] . This was also observed in the case of the OER system composed of IrO 2 /Ti interface [49] . Carbon paper-based electrode is an alternative option for the electrode substrate due to their large surface area, good electric conductivity, and excellent chemical stability in a wide variety of liquid electrolytes [50, 51] . We have compared two carbon electrodes, carbon cloth (CC) and carbon paper (CP) with various treatments, and found that the CP exhibits much better stability and presents better adhesion to our Co 3 O 4 catalysts during OER (see supporting Figure S1a and S1b). Note that in our experiment the only difference of the two catalysts is the substrates. Hence, it can be ascribed that more sp 2 carbon (as in the case of CP) in the skeleton can greatly improve the OER stability (see supporting Figure S1c ). This is also consistent with the widely accepted observation that graphene (sp 2 -carbon) based 6-member ring is more oxidation-and acid-resistant than the amorphous sp 3 carbons. Thus, CP is applied as the substrate for OER reaction in caustic acids or alkali conditions for all the experiments presented in this manuscript.
To obtain the target catalytic material Electrodeposition was performed at a constant current mode (-10 mA/cm 2 ) from 10 to 60 min in a PGSTAT 302N Autolab workstation. The as-deposited sample was then exposed to air to form oxide and hydroxide surface layers for further treatment (Co-species/CP).
Preparation of Carbon coated Co 3 O 4 on CP:
The prepared Co-species/CP was immersed into 5 mg/mL glucose solution for 4 h under slow agitation condition, and then taken out and dried at room temperature. The glucose coated Cospecies/CP was put into a tube furnace and then pumped under vacuum (<5 mTorr). electrochemical measurements. In addition, RuO 2 on acid-oxidized CP (RuO 2 @nafion/CP) was prepared using similar procedures as described above.
Reference electrode calibration:
The electrochemical measurements were performed in a PGSTAT 302N Autolab 
Electrochemical measurements:
The OER activity of Co 3 O 4 @C/CP was evaluated by measuring polarization curves with linear sweep voltammetry (LSV) at a scan rate of 5 mV/s in 0.5 M H 2 SO 4 and 1.0 M KOH solutions.
The stability test for the Co 3 O 4 @C/CP catalysts was performed with the time dependent potential measurement, where a constant current density (100 mA/cm 2 ) was provided. All data have been corrected for a small ohmic drop based on impedance spectroscopy.
Characterization:
The field-emission scanning electron microscope (FESEM, FEI Quanta 600) was used to observe the surface morphology of the catalysts and electron energy loss spectroscopy (EELS) mapping.
The nanoscale crystal structure was revealed by a transmission electron microscopy (FEI Titan ST, operated at 300 KV). The crystalline structure of the samples was analyzed by X-ray diffraction (XRD, Bruker D8 Discover diffractometer, using Cu Kα radiation, λ = 1.540598 Å).
Raman spectrometer LabRAMAramis (HoribaJobinYvon) was employed and the range of 100-3500 cm −1 was explored. A Diode-pumped solid-state (DPSS) laser with wavelength of 473 nm was used as the excitation source. The laser power on the sample surface was adjusted using different filters to avoid the heating effects on the sample. Fourier transform infrared spectroscopy (Nicolet iS10 FT-IR spectrometer, Thermo Scientific) was used to characterize the functionalized groups and catalysts on carbon fibers. XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochomatic Al Kα x-ray source (hν = 1486.6
eV) operating at 150 W, a multichannel plate and delay line detector under a vacuum of 1×10−9 mbar. The survey and high-resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV, respectively. Binding energies were referenced to the C 1s peak (set at 284.4 eV) of the sp2 hybridized (C=C) carbon from the sample.
Results and discussion

Preparation and crystal structure of Co 3 O 4 -based OER
As schematically illustrated in Figure 1a , the Co-species were electrodeposited onto a carbon paper in a standard three-electrode system, where the 0.1 M Co(NO 3 ) 2 solution was used and the current density was kept at -10 mA/cm 2 . The electrodeposited Co-species were left in air over night before the calcination was performed. It is important to mention that Co-species cannot be directly deposited on a CP without surface treatment because the pristine CP is hydrophobic. For better adhesion between Co-catalysts and the CP substrates, hydrophilic treatment with an acid was found to be necessary. Hence, all the CP substrates used in this work were prior treated with acids unless specified otherwise. The XRD pattern in Figure S3 for the electrodeposited Cospecies on CP (Co-species/CP) indicates that it is a mixture of Co(OH) 2 , CoO and disordered 
OER performance and breakdown characteristics
To assess the OER catalytic activity, the as-synthesized catalysts on CPs were first investigated in 0. The electrocatalytic activity of a given material is normally proportional to its active surface area [53] , which is strongly correlated to the capacitance of the double layer at the solid-liquid interface with cyclic voltammetry. To obtain the double layer capacitance, the potential is scanned from 1.10 to 1.24 V at varying scan rates in a non-Faradaic potential window (see supporting Figure S10 ) and the resulted current density plotted against the scan rate at 1.17 V is shown in Figure 3b . The electrochemical stability at a constant current density 100 mA/cm 2 is further studied and results are presented in Figure 3d For better understanding the important of interface adhesion, we have compared the OER stability for the catalysts grown on an ethanol-wetted CP and an acid-oxidized CP. All other experimental conditions are kept the same. As shown in Figure S12 , the stability of It is to be noted that the 100 mA/cm 2 is a relatively higher current density for breakdown test and most of literature works consider only 10 mA/cm 2 as the testing current density [58, 59] . Table 1 compares our results and the available stability data from the literature, where we conclude that our proposed Co 3 O 4 OER catalysts are superior in activity and lifetime. 
Surface and interface structures
To further give support to the above arguments, Raman spectroscopy is used to probe into the integrity of the CP, in particular the interfacial area between CP and catalysts. The G-band at ~1585 cm -1 is associated with the sp 2 carbon atom vibrations [69] , and the 2D band at ~2725 cm -1 is originated from a double resonance process: phonon-electron band structure [70] . The D-band peak of raw-CP at ~1370 cm -1 originate from the disordered structures in sp 2 hybridized carbon materials [71] . As shown in Figure 4 , the ratio of I D /I G is 0.91 for the CP after annealing in air at the existence of Co oxide form [72, 73] . In order to identify the oxidation state of Co, peak fitting of Co 2p 3/2 is conducted. The approach used for the peak fitting is similar to the one used by
Biesinger et al. [74] , ie, fitting of a broad main peak combined with the satellite structure. A
Shirley background is applied across the Co 2p 3/2 peak of the spectrum. The Co 2p 3/2 from is not the dominating factor for the OER stability.
Conclusion
In this work, a facile strategy based on a thin protection carbon layer and two-step calcination methods is proposed to synthesize highly OER-stable catalysts in acid and alkaline solutions. 
